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PEMBANGUNAN PROSES FOTOLITOGRAFI SKALA KELABU TIGA 
DIMENSI (3D) BAGI STRUKTUR LENGKUNGAN MIKRO BENDALIR  
 
ABSTRAK 
Struktur mikro tiga dimensi (3D) dapat meningkatkan sifat optik, elektrik dan 
mekanik bagi sistem mikro bendalir. Walau bagaimanapun, fabrikasi mikro 3D 
adalah mencabar apabila kawalan serentak ke atas fabrikasi dimensi sisi dan 
menegak diperlukan. Untuk mencapai kawalan tersebut, teknik fotolitografi skala 
kelabu telah dipelajari secara komprehensif sebagai alternatif kepada teknik fabrikasi 
mikro 3D semasa. Teknik-teknik semasa memerlukan peralatan yang sangat canggih 
dan mahal, dengan pendedahan corak titik-ke-titik atau lapisan demi lapisan. Teknik 
fotolitografi yang dicadangkan dalam kajian ini telah digunakan untuk 
merealisasikan struktur mikro dengan ketinggian antara 163.8 μm dan 1108.7 μm 
dalam pendedahan tunggal melalui topeng foto skala kelabu. Teknik fotolitografi 
skala kelabu yang dibangunkan dalam kajian ini telah digunakan untuk 
merealisasikan struktur mikro 3D dalam sensor indeks biasan berasaskan gentian 
optik, pengubahsuaian kelembapan permukaan PDMS dan pencampur mikro pasif. 
Fabrikasi sensor indeks biasan berasaskan gentian optik telah ditingkatkan dengan 
menyediakan persekitaran mikro bendalir 3D untuk membantu mengapung gentian 
optik di dalam saluran mikro. Kepekaan tinggi 1509.3 nm/RIU dicapai untuk 
pengindeksan indeks biasan daripada kepekatan larutan Natrium Klorida yang 
berlainan. Pembuatan struktur kelengkungan mikro pada permukaan PDMS telah 
meningkatkan kebolehbasahannya ke dalam keadaan superhidrofobik dengan sudut 
sentuh air 157.3 °. Pelbagai bentuk dan reka bentuk pencampur mikro, termasuk 
ketinggian yang berbeza dari halangan di dalam saluran mikro telah direka dan 
mencapai prestasi pencampuran yang baik. Kesimpulannya, mikro fabrikasi 3D oleh 
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teknik fotolitografi skala kelabu telah dibangunkan, dengan berfungsi bagi 
kebolehgunaan untuk fabrikasi beberapa fungsi mikro bendalir. 
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DEVELOPMENT OF THREE-DIMENSIONAL (3D) GRAYSCALE 
PHOTOLITHOGRAPHY PROCESS FOR MICROFLUIDIC CURVATURE 
STRUCTURES 
 
ABSTRACT 
Three-dimensional (3D) microstructures can enhance the optical, electrical and 
mechanical properties of the microfluidic system. However, the 3D microfabrication 
is challenging when simultaneous control over fabrication of lateral and vertical 
dimensions is required. To achieve such control, grayscale photolithography 
technique has been comprehensively studied as an alternative to the current 3D 
microfabrication technique. Current techniques require highly sophisticated and 
expensive equipments, with slow point-to-point or layer-by-layer approach of pattern 
exposure. The proposed grayscale photolithography technique in this research has 
been used in realization of microstructures with height between 163.8 µm and 1108.7 
µm in a single exposure through grayscale photomask. The grayscale 
photolithography technique developed in this study has been applied for realization 
of 3D microstructures in fiber optic-based refractive index sensor, PDMS surface 
wettability modification and passive micromixers. The fabrication of fiber optic-
based refractive index sensor has been improved by providing a 3D microfluidic 
environment to help float the fiber optic inside the microchannel. High sensitivity of 
1509.3 nm/RIU was achieved for refractive index sensing of different Sodium 
Chloride solution concentrations. Fabrication of micro curvature structures on PDMS 
surface has increase its wettability into superhydrophobic state with water contact 
angle 157.3 °. Various shapes and designs of micromixers, including the different 
height of obstacles inside the microchannel have been fabricated and achieve a good 
mixing performance. In sum, a 3D microfabrication by grayscale photolithography 
PTTA
PER
PUS
TAK
AAN
 TU
NKU
 TU
N A
MIN
AH
xx 
 
technique has been developed, with functional applicability for fabrication of several 
microfluidic functions.                  
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  CHAPTER 1
INTRODUCTION 
 
1.1       Background 
The trend of miniaturization in IC technology has driven MEMS technology 
development in areas different to the microelectronics circuits (Khan et al. 2018; 
Fujita 2007; Derkus 2016). In 1990s microfluidics gets attention with the advantage 
in reduction of fluidic system into microscales. Particularly for biomedical 
microsystem application, the benefit of miniaturization include the small size 
microfluidics devices, portable and having short analysis time with small volume of 
reagents and samples consumption (Haeberle & Zengerle 2007).  
A microfluidic device is designed for functions that work with very small 
volumes of fluid from microliters to femtoliters (10
-6
 liter to 10
-15
 liter) and 
dimensions in range of tens to hundreds micrometers (Whitesides 2006). Practical 
functionalities such as pumping, mixing, separation and droplet generation can be 
achieved by microfluidic devices with various geometrical shapes. Even though the 
microfluidic devices have a less complex structure compared to the microelectronic 
devices, its‘ fabrication is quite challenging due to the complex three-dimensional 
(3D) geometry with multiple phase levels in   direction and the fact that microfluidic 
devices have an interaction with fluid medium. The fabrication of microelectronic 
devices by photolithography employs two-dimensional (2D) geometry where the 
material is flat with only two characteristics; the width and length and is not designed 
to provide depth.  
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Adopting the IC and MEMS microfabrication technology, the early 
microfluidic devices were fabricated with silicon and glass. Although high precision 
is achieved from microfabrication by glass and silicon technologies, the increase in 
fabrication cost due to the complexity of the fabrication process will result in 
increasing cost of the end device. Silicon is opaque to the visible and UV spectrum 
and it is not suitable for optical detection mechanism. Furthermore, the design and 
application of microfluidic devices always aims for robust, portable and disposable 
which made the silicon and glass to be as not the best choice of materials because 
they are hard and brittle and very difficult to work with without breakage (Wu & Gu 
2011).  
Polymer-based microfabrication technologies has been widely explored in 
current microfluidic devices to overcome the problems faced with silicon and glass 
(Nge et al. 2013). Becker & Heim (2000) was the first to suggest the polymer based 
fabrication in 2000. Polydimethylsiloxane (PDMS) and SU-8 is the common polymer 
used in polymer based replication method for having the advantages of bio-
compatibility and mass production manufacturing (Derkus 2016; Kim & Meng 
2016). This method also known as soft lithography offers great advantages on 
reducing the fabrication cost and process by providing the mass production from a 
single master device (Faustino, Susana O Catarino, et al. 2016; Kim et al. 2008). In 
polymer based replication method, there are two main steps in the fabrication 
process. The first step is the generation of master mold and the second step is the 
polymer replication using the master mold. The replication process is much easier by 
simply pour the liquid PDMS mixture on the master mold and cure for solidification. 
The conventional method to prepare the master mold is by photolithography. 
Photolithography involves with patterning of a photosensitive materials and 
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development. Figure 1.1 simplifies the conventional photolithography process. 
Microfluidic devices with complex 3D geometry with multiple phase levels in   
direction can be fabricated using multiple binary masks. The fabrication process is 
complicated with multiple alignments and exposures. The chances of misalignments 
between mask and photolithography steps will be increased and this will leads to 
degradation of features resolution.   
Current microfluidic fabrication methods utilize the 3D printing techniques 
which are created by the 3D digital model and carved by the printer using layer-by-
layer manufacturing technology. The new layer of material is added on top of the 
previous layer to build multilevel and multilayer microfluidic devices. 3D printing 
has been employed in many microfluidic devices fabrication recently (Glick et al. 
2016; Nam et al. 2015). However this technique has limitations in terms of speed, the 
available resolution of the printer, surface roughness and material types (Pucci et al. 
2017). 
Therefore, a grayscale photolithography process was proposed due to its 
simple processing steps with single mask and single exposure capable of fabricating 
microstructures with different heights, to overcome the problems encountered with 
conventional photolithography and 3D printing technique. Figure 1.1 illustrates the 
diagram of conventional photolithography process and grayscale photolithography 
process. The grayscale photolithography process developed in this research was 
demonstrated for fabrication of PDMS superhydrophobic surface as well as the 
sensing and mixing components in microfluidic systems with no specific biomedical 
application.  
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Figure 1.1 Photolithography process (a) Conventional and (b) Grayscale 
(Rammohan et al. 2011). 
1.2       Problem Statement 
High-aspect-ratio (HAR) and 3D surfaces has become interesting yet 
challenging in the fabrication of microfluidic devices (Nguyen, N.T. and Wereley 
2006). Conventional photolithography technique only capable of fabricating low 
aspect ratio structures (Yeo et al. 2010; Gao et al. 2016; Seo et al. 2015). 
Modification in conventional photolithography to fabricate high aspect ratio 
structures with standard binary mask is demonstrated in order to achieve a reliable 
fabrication method for microfluidic device (Dy et al. 2014). However, it has led to 
rise in fabrication process complexity. Multiple masks must be prepared and multiple 
UV exposures are needed to fabricate many phase levels of microstructures. Multiple 
masks fabrication and exposure will increase the alignment error which led to 
increase in production time.    
The 3D microstructures fabricated as array of micropillars may help to 
increase the surface roughness and change the hydrophobicity of the surface. The 
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